The self-cycling fermentation (SCF) technique was applied to a culture ofAcinetobacter calcoaceticus RAG-1. This method was shown to result in synchronization of the cells, achieving a 77% improvement in cell synchrony over that of the batch case. Cellular occurrences, averaged out by asynchronous batch cultures, were magnified by the temporal alignment of metabolic events brought about by the synchronization associated with SCFs. The cell population doubled only once per cycle, thus establishing an equality between cycle time and doubling time. Parameters of interest were biomass concentration, total bioemulsifier (emulsan) production, cycle time, and residual carbon concentration. Cycle-to-cycle variation of these parameters was, in most cases, insignificant. Repeatability of doubling time estimates (based on 95% confidence intervals) was roughly 7 to 10 times better between cycles in an SCF than between batch replicates. The carbon substrate was completely utilized in all cases in which it was measured, giving this technique an advantage over chemostat-type fermentations. The dissolved-oxygen profiles monitored throughout a cycle were found to be repeatable. A characteristic shape, which can be related to the growth of the organism, was associated with each carbon source. The specific emulsan productivity of SCFs was found to be approximately 50 times greater than that of the batch process and 2 to 9 times greater than that of the chemostat, depending on the dilution rate considered. With respect to specific emulsan production, a 25-fold improvement over that in an immobilized cell system recently introduced was obtained. Thus, SCFs are a viable alternative to established fermentation techniques.
The number of viable alternative fermentation methods has remained static throughout the development of biotechnology and modern microbiology. Batch and chemostat fermentations have been the main techniques used. However, both of these methods have drawbacks associated with them.
A batch fermentation, as its name implies, is a noncontinuous process, requiring medium replenishment and reinoculation once the organism has achieved nutrient starvation and been harvested. Repeatability from batch to batch is often poor, making replicates necessary in order to obtain reliable growth characteristics. The physical state of the inoculum has a direct effect on the various phases of the batch growth curve (3, 6) . Most notably, the length of the lag phase is determined by the age, concentration, and nutrient environment of the inoculum (3, 6) .
Organisms which are grown by batch fermentations usually exist as a population of cells of various ages. As a consequence of this, measured bulk parameters are actually average results pertaining to the population (7, 9) . Inference of cellular parameters from these data is therefore difficult, if not impossible.
A chemostat fermentor, though a continuous process, still has many undesireable characteristics. As with batch growth, chemostats result in cell populations consisting of cells of various ages (7) . Start-up times suffer from inoculum effects, but the steady state eventually reached is repeatable. Though cellular growth parameters can be directly controlled through manipulation of the dilution rate, complete utilization of the limiting nutrient is asymptotic, being achieved only under very slow growth rates (3) . Thus, the * Corresponding author.
capacity of the system is limited for systems in which complete substrate utilization is required.
The method of self-cycling fermentations (SCF) is justified here as a viable alternative to both batch and chemostat fermentations. This method is described extensively elsewhere (17) (18) (19) , and thus only a brief description is required here. Successful operation of an SCF requires an on-line measurement of dissolved oxygen. The output from a dissolved-oxygen probe is fed back to a computerized control-data acquisition unit. Once a minimum in dissolved oxygen has been detected, half of the fermentation broth is harvested, and this volume is subsequently replaced with fresh medium. The fermentation is thus referred to as self-cycling since the metabolism of the organism dictates the exact moment at which the culture receives fresh medium. The purpose of this paper is to show that SCFs can be readily applied to the study of microorganisms, as repeatable growth characteristics are obtained with minimal effort. In addition, the growth yields of a bacterium cultivated in an SCF are compared with those obtained by the more conventional chemostat and batch methods. For further comparison, data from a novel immobilized cell system (20) , which has been recently introduced, are also considered.
Acinetobacter calcoaceticus RAG-1, a gram-negative bacterium, is capable of utilizing a variety of insoluble and soluble sources of carbon (13, 16, 21) . This organism produces a highly potent bioemulsifier (16, 21) 
RESULTS AND DISCUSSION
Determination of limiting nutrient. Shake flask experiments were performed in order to determine the range of concentrations between which the carbon source was limiting. Figure 2 shows the results from such an experiment performed using ethanol as the carbon source. From these results, it can be concluded that ethanol is the limiting nutrient in the system to at least a concentration of 0.1% (vol/vol), with respect to cell yield. With this information, SCFs utilizing ethanol were performed with substrate concentrations of 0.04 and 0.08% (vol/vol), which ensured carbon limitation.
Reproducibility of SCF data. Figure 3 shows the steadystate dissolved-oxygen profiles for nine cycles of an SCF with ethanol as the carbon substrate. Each profile appears to be an exact duplicate of the one preceding it. The minimum dissolved-oxygen concentration reached was approximately 50% of saturation, indicating that oxygen is not growth limiting. Other measured parameters were also constant from cycle to cycle (Fig. 4) sulted in a range of +21.1% with respect to generation time (10) . As can be seen from Table 1 , SCFs resulted in much more reproducible doubling-time estimates. Cycle times (shown later to be synonymous with doubling time) had confidence intervals of less than ±2.5%. The cycle-to-cycle variation associated with the emulsan measurements was due to the rather elaborate preparatory procedure which this reading demanded and was accounted for by experimental error (Fig. 4) .
Induction of synchronous growth. The observation that biomass remains constant from cycle to cycle, combined with the fact that half of the contents of the fermentor are removed once a minimum in dissolved oxygen has been reached, implies that the population of cells within the fermentor doubles only once throughout a given cycle. Cycle time, as previously described (18) , is the time elapsed between fresh medium addition and the attainment of a minimum in dissolved oxygen. It is therefore plausible that the steady-state cycle time represents the minimum doubling time (and hence the maximum growth rate) that the organism can achieve under the given environmental conditions. This speculation has been shown to be fact for the cyclic fermentation of Candida utilis with imposed cycle times (7). However, this result has yet to be proven for a method in which the cycle time is a dependent variable. The following will illustrate this important advantage of the SCF technique. Figure 5 shows the number of CFU per milliliter as a function of time within cycle 26 of an SCF in which ethanol was used as the limiting nutrient. The cell number remained constant at about 9.5 x 108 CFU/ml until approximately 70% of the cycle had elapsed. At this point, the number of viable cells increased sharply to a final value of 1.9 x 109 CFU/ml. The maximum viable-cell concentration was attained just as the minimum in dissolved oxygen was reached. Once this minimum was attained, the system was triggered to cycle, and half of the volume of the fermentor was removed. The cell concentration was thus returned to its initial level of 9.5 x 108 CFU/ml. Therefore, the doubling time can be equated to the cycle time of the organism. closely by a batch innoculum grown under carbon limitation which, upon reaching the early stationary phase, is then subjected to an identical nutrient environment. Such a scenario has been previously examined (3 (5) and defined as F = NINO-2"g (1) Here, N is the final cell concentration, No is the initial cell concentration, g is the mean generation time, and t is the time that it takes the organism to divide. Thus, F represents the fraction of cells that divide during time t in excess of that expected to divide during exponential growth. With this in mind, it is obvious that F = 0 for a batch culture growing logarithmically, and F = 1 indicates perfect cell division synchrony. When equation 1 was applied to the data in Fig.  5 , a value of F = 0.77 was obtained. In this case the cycle time, which was shown to be analogous with the doubling time, was substituted for g in equation 1 . This value of F is considered at the high end of the synchrony index (5, 9).
Characterization of cellular metabolism with SCFs. When cells were grown on ethanol, the dissolved-oxygen profile corresponding to a given cycle showed two maxima: an absolute maximum occurring at the beginning of the cycle and a relative maximum occurring approximately halfway through the cycle (Fig. 3 and 5) . Both maxima were repeatable, with the second hump indicating a stalling in the growth of the organism. Abbott et al. (1, 2) have noted the repression of ethanol dehydrogenase and aldehyde dehydrogenase synthesis by accumulated acetate when A. calcoaceticus was grown on ethanol. A characteristic dissolved-oxygen profile, similar in shape to the one found here, was reported when a chemostat culture of A. calcoaceticus grown under limiting ethanol conditions was pulsed with acetate (1).
Therefore, the relative maxirnum is probably due to a repressive level of accumulated acetate, resulting in cessation of ethanol dehydrogenase synthesis. The end result is a stalling in ethanol oxidation. This hypothesis is further strengthened by the decrease in ethanol oxidation which occurs at approximately the same time within the cycle as the relative minimum in the dissolved-oxygen trace (Fig. 5) .
The accumulation of acetate has previously been attributed to a depletion of Mg2+ (2) , which is necessary for the conversion of acetate into acetyl coenzyme A.
A complete stoppage of ethanol oxidation was not observed at any point within a cycle. This could possibly be due to the presence of preformed enzymes (namely, ethanol dehydrogenase) which were produced prior to the repression of its synthesis. Such an explanation has been postulated previously by Abbott et al. (1, 2) .
Many researchers have noted the inhibitory effect of ethanol itself (1, 2, 11, 12) . Increases in ethanol concentration have no effect on the growth rate of A. calcoaceticus until a critical inhibitory concentration is exceeded. Further increases in ethanol concentration result in an exponential decrease in growth rate. Since growth rate and doubling time are inversely related, doubling time increases as ethanol concentrations are increased past their inhibitory levels. This phenomenon was also observed with SCFs. Table 1 shows the steady-state cycle times of A. calcoaceticus RAG-1 grown on various carbon sources in the ethanol oxidation chain. When the concentration of ethanol is doubled from 0.04% (vol/vol) to 0.08% (vol/vol), the cycle time (doubling time) increases from 54 min to 72 min, indicating that the latter ethanol concentration is greater than the critical inhibitory concentration, thus confirming previous findings.
Acetaldehyde and acetate were found to be inhibitory to A. calcoaceticus as well (1, 2) . SCFs provide an easy way to compare inhibitory effects of growth substrates. For the same number of moles of carbon, acetaldehyde had a cycle time of 158 min, ethanol had a cycle time of 54 min, and acetate had a cycle time of 21 min (Table 1) . This large variation in doubling times gives the researcher certain information regarding relative substrate toxicity. Namely, acetaldehyde is more toxic than ethanol, which is in turn more toxic than acetate, at the given concentration of carbon.
Significance of the dissolved-oxygen profile. A number of cycles are usually required before SCFs reach steady-state conditions. The first cycle in the fermentation is a classical batch fermentation, as a relatively small inoculum is used (1%, vol/vol) and induction synchrony has not yet begun. only the latter represents the steady-state condition. It is apparent that the local maximum in the dissolved-oxygen profile becomes more prominent as the fermentation progresses. This can be attributed to the gradual synchronization of the cells, which results in a narrowing of the age distribution.
The dissolved-oxygen profile seems to be characteristic of a given carbon source. Figure 7 compares the steady-state dissolved-oxygen traces of ethanol, acetaldehyde, and acetate. Acetaldehyde, which is the most inhibitory of the three carbon sources, has a long initial lag period during which growth is stalled. Only ethanol exhibits a relative maximum, as described above.
It is possible, using SCF technology, to measure the transient response of the organism to changes in the source of the limiting nutrient. Figure 8 shows Chemostat cultures were also studied by Ng and Hu (14) , resulting in the discovery of a linear relationship between dilution rate and specific emulsan productivity. To facilitate comparison with SCF results, two dilution rates were chosen. First, the maximum dilution rate at which residual ethanol was minimal was chosen. SCFs result in no residual limiting nutrient, thus making this dilution rate the obvious comparison. Second, the maximum emulsan production, corresponding to the maximum dilution (growth) rate, was chosen. In the first case (D = 0.1 h-1, residual ethanol 0.003% [wt/vol]), the specific emulsan production rate was calculated to be 0.05 g. g(DCW)-' h-1, or approximately nine times lower than the production attained with the SCF technique. In the second case (D = 0.4 h-1, residual ethanol 0.035% [wt/vol]), the chemostat produced 0.2 g-g (DCW)-1 h-, or approximately half of the SCF production rate. In both cases, the chemostat allowed for residual ethanol while complete utilization was attained with SCFs.
Other fermentation systems have also been used to harvest emulsan with ethanol as the carbon source. An immobilized system of A. calcoaceticus RAG-1 was tested recently for production of emulsan (20) . An airlift fermentor was implemented, with cells being adsorbed to Celite beads. The internal emulsan and cell concentrations in the Celite pores were 15.4 and 15.6 g/liter, respectively, while the corresponding concentrations in the bulk liquid were 10.1 and 5.7 g/liter. By using the pore volume (45%) and the cultivation time (-45 h), a specific emulsan production rate of approximately 0.018 g g(DCW)-l h-1 is obtained. This value is about 25 times smaller than that obtained with SCFs.
Inoculum effects and start-up times are also minimized with SCFs. The chemostat culture studied by Ng and Hu (14) , operating at D = 0.1 h-1, was grown as a batch culture for 11 h before changing to continuous mode. The size of the inoculum was thus 100% (vol/vol). Whereas the chemostat culture required 109 h of continuous cultivation to stabilize, the SCF required less than 8 h to achieve steady-state conditions after being subjected to a 1% (vol/vol) inoculum.
No particular attention was given to the age of the inoculum. However, repeated results indicated that the steady state reached was not affected.
